Hyperpolarization via dissolution Dynamic Nuclear Polarization (dDNP) is crucial to significantly increase the magnetic resonance imaging (MRI) sensitivity, opening up for in vivo real-time MRI using in particular 13 C-labelled substrates.
In the last fifteen years, the overwhelming liquid-state nuclear polarization enhancement achievable via dissolution Dynamic Nuclear Polarization (dDNP) has proven to break ground for many applications ranging from online enzyme and polymer kinetics, to sensitive drug discovery from hyperpolarized (HP) ligand analysis and studies of real-time cell metabolism. [1] [2] [3] [4] [5] [6] Without doubt, the most important success is the unique opportunity to perform staging of cancer and early treatment monitoring through HP Magnetic Resonance Imaging (MRI). [7] [8] [9] [10] [11] [12] [13] The DNP technique relies on a concept known since the early '50s through the pioneering works of Overhauser, Carver and Slichter: the nuclear spin polarization can be enhanced by taking advantage of the large magnetic moment associated to unpaired electron spins (i.e. radicals) placed in close vicinity. [14] [15] Indeed, at the same experimental conditions (i.e. magnetic field and temperature) the thermal equilibrium polarization of an electron spins system is higher than the one of a nuclear spins system by a factor equal to the ratio of the respective magnetic moments.
By coupling the two systems through microwave irradiation at the appropriate frequency, the spin order can be transferred from the first to the second. The process turned out to be extremely effective at low temperature (1 -4 K) and high magnetic field (3.5 -7 T) on dielectric amorphous solids. 16 Within this experimental scenario the so-called "dissolution step" was introduced. By means of a pressurized super-heated solvent, a quick dissolution and ejection of the HP frozen solid sample from the polarizer allowed preserving the nuclear spin polarization in the liquid state. [17] [18] This revolutionary method presents however some serious challenges. The nuclear T1 is relatively short (i.e. seconds to a few minutes for 13 C) in solution, resulting in a fast decay of the enhanced signal.
As a result, polarizers currently need to be placed in close proximity to the scanner (or high-4 resolution NMR magnet) where the imaging is performed. The most effective electron paramagnetic agent for polarizing 13 C nuclei with DNP is the family of highly persistent trityl radicals. [19] [20] [21] [22] For the clinical use of HP substrates, the radicals should preferably be removed from the HP solution. 10, [23] [24] Furthermore, the radical, although beneficial for the DNP process, reduces the nuclear T1, after the dissolution step.
The more recent introduction of UV-induced non-persistent radicals for dDNP, thanks to their natural decay by temperature increase, represents an alternative to circumvent the abovementioned shortcomings. [25] [26] [27] The generation of labile paramagnetic species from UV-light illumination of α-keto acids has been explained by photo-excitation of the n -π* transition (300 -350 nm) of the α-carbonyl group, followed by efficient intersystem crossing (ISC) to an excited triplet state with a yield close to unity. [28] [29] [30] This latter molecular state, is with its longer lifetime (ms to s), 31 chemically reactive and liable to form radicals. These paramagnetic species, are extremely unstable at room temperature, but can be "trapped" at liquid nitrogen temperature. 32 The precise photochemistry behind the formation of the radicals is still not completely clear and strongly depends on the environment of the photo-excited molecules (e.g. purity and solvent). Hydrogen abstraction and/or proton coupled electron transfer have been described as possible mechanisms; in both cases, either a second α-keto acid molecule or a solvent molecule can be considered as a partner of the radical reaction.
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The most promising compound for HP metabolic imaging, 13 C-labelled pyruvate, is also the compound with the best dDNP results using UV-induced non-persistent radicals. [26] [27] Using pyruvic acid (PA) as a precursor, UV-PA radicals have been generated and employed to successfully polarize pyruvate itself as well as other molecules, leaving after dissolution a HP 5 liquid free of radicals, containing only endogenous compounds as side products (i.e. acetate and CO2). Moreover, these radicals have the special property to annihilate at a temperature where the DNP sample is still frozen. This crucial feature, allowing the extraction of the sample from the polarizer when it is still in the solid state, has proven to pave a way to hyperpolarization storage and transport far away from the production site.
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The use of UV-induced non-persistent radicals clearly holds potential to broaden the scope of dDNP. However, a 13 C polarization of only 10 % was obtained in about 3 h at 7 T and 1 K. 26, 36 In particular the photo-generation process of the paramagnetic species is slow (1 h of irradiation time) and the yield too low (about 20 mM) for efficient DNP especially at high magnetic field.
We have studied in detail and optimized the polarization of [1- 
II. EXPERIMENTAL METHODS a. ESR and DNP sample preparation
All chemicals were purchased from Sigma-Aldrich, 2605 Brøndby, Denmark. 
b. ESR and DNP sample irradiation
All ESR and DNP experiments were performed on samples irradiated using the setup reported in The leading idea for the construction of the "irradiation stand" was to provide a fast and homogenous illumination of the samples in a moisture free environment. The latter is important to avoid any unwanted scattering of the light reaching the sample. The setup is composed of 7 parts: A homogenous illumination of the sample's surface is favored by the reflecting aluminum chamber together with the tumbling of the beads from the nitrogen boiling during the irradiation. Thus, it is not necessary to stop the illumination and rotate the quartz dewar to improve an even distribution of the UV-light on the sample, as previously reported. [26] [27] 36 All samples for ESR experiments were irradiated in successive time steps. After each irradiation step the quartz dewar was inserted in the ESR spectrometer for measurements. If not specified the UV-source was operated at full power (refer to Supporting Information, Figure S1 for the UV-light source power calibration).
For DNP samples, the ten frozen beads were irradiated together for a time interval corresponding to approx. the maximum radical concentration.
In order to compare the performance of the irradiation setup described above with literature, one 4.0±0.2 µL frozen bead of PA:H2O 50:50 (v/v) was irradiated outside from the stand reported in Figure 1 Figure S2 ). All measurements were repeated twice. Data were processed in MATLAB (Mathworks, Natick, MA, USA) and OriginPro (OriginLab Corporation, Northampton, MA, USA).
d. X-band ESR investigation of the radical stability
The MiniScope 5000 was equipped with a variable temperature unit and the resonant cavity The polarization buildup was monitored by pulsing every 300 s. Once the maximum polarization was achieved, the signal was averaged 100 times with a repetition time of 10 ms and the integral of the peak was calculated. After having switched off the microwaves and saturated any residual signal with the 50000 rf pulses comb, the thermal equilibrium buildup was monitored overnight.
The NMR signal was acquired every hour (100 average) until complete relaxation was achieved; the integral of the peak corresponding to thermal equilibrium was then evaluated. The DNP enhancement was calculated dividing thermal equilibrium and DNP signals. All measurements were repeated three times. It is important to stress two features: a 10 ms interval was enough to dephase any residual transverse magnetization; using 1° pulses, the signal intensity relative to the first and the 100 th acquisition differ by 1.5%.
All data were processed with MNOVA (Mestrelab Research, Santiago de Compostela, Spain) and OriginPro (OriginLab Corporation, Northampton, MA,USA).
e. UV sample handling and loading into the polarizer
After irradiation, samples prepared for dDNP purposes were poured into a semispherical dewar filled with liquid nitrogen. Depending on the solvent used to prepare the sample, the UV-induced radicals were stable below 170 K at least (see Supporting Information, Figure S3 ). From liquid nitrogen to the latter temperature, the frozen beads could be warmed up and cooled down several times following different temperature cycles without any apparent loss of paramagnetic centers.
This property provides a temperature window of about 100 K that guarantees the stability of the radicals during handling and loading of the samples into the polarizer. For the dDNP experiments a modification of the FP vial was required (see Figure 2 ). 
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The vial is divided into two parts made of PEEK ® plastic: the neck (c) and the body (e) able to contain up to 1 mL of sample. Only for the first use of the modified FP the vial neck was attached to the outer part of the coaxial tube (a) by means of the UV-adhesive Dymax 215-C (Dymax, Torrington, CT, USA); the latter was cured for 10 s using the same UV lamp employed to generate the radicals. The bottom wrench (f) immersed halfway in liquid nitrogen was used as stand for the vial body (e) during the transfer of the frozen beads through the 7 mm diameter top opening. The PTFE o-ring was then put in place and compressed screwing the vial neck into the body by means of the top wrench (b). The rest of the operations i.e. loading of the dissolution buffer, flushing of the FP inner volume with helium gas, leak tightness control, insertion of the FP into the polarizer were performed as previously described. 24, 39 On reuse the vial was opened, dried and only the PTFE o-ring was replaced with a new.
The threaded vial was also tested on a standard DNP samples of [1-13 C]PA doped with 30 mM of OXO63 trityl radical. 40 µL of solution were transferred into the vial, the latter was sealed and then the reported procedure was followed. 39 Dissolution performance and polarization compared well with a standard FP.
f. Dissolution and liquid state measurements
The FP syringe was loaded with 15 mL phosphate buffer and placed into the pressure/heater module. The liquid was heated to 130° and left to stabilize for 30 min. When the maximum polarization was achieved in the solid state, the vial was lifted above the liquid helium level (≈10 cm), the FP three-way valve opened and the 16 bar driven piston released inside the syringe (10 s pushing time). 11.5±0.5 mL of HP solution were collected into a receiver placed close to the polarizer. The receiver contained 10 M NaOH solution adjusted to neutralize the PA. 500 µL of 13 HP solution were extracted from the receiver and quickly transferred into a 5 mm NMR tube. The NMR tube was then inserted into a 400 MHz high-resolution magnet (Agilent, Palo Alto, CA, USA) for measurements. The decay of the 13 C HP signal was measured every 3 s with 5° pulse.
Once complete relaxation was achieved the liquid sample in the NMR tube was doped with 10 µL of Dotarem ® and reinserted into the spectrometer. The same 5° pulse was used to measure the signal corresponding to thermal equilibrium from 400 averages with 100 ms repetition time. The DNP enhancement was obtained computing the ratio between the value of the integral of the first spectrum of the HP decay and the thermal equilibrium one (n = 3).
g. LOD-ESR measurements
ESR spectra of UV-irradiated [1- The bottom part of the probe had the same dimensions of a normal FP vial in order to easily slide it into the polarizer microwave cavity without any modification of the NMR coil former. The probe was composed of five parts: a PEEK ® plastic sample cup (e); a PEEK ® plastic coil former with a 4 mm gap in the middle to allow microwaves to reach the sample (at 188 GHz the cutoff width is λ/2 = 0.8 mm); a FP's outer tube spare glued to the coil former as previously described (a); a 400 turn split solenoid coil realized with a 0.1 mm copper wire (c); a twisted pair connected to the two ends of the coil and coming out from the polarizer through the FP's outer tube (not shown).
Because of the intrinsic low sensitivity of the technique, 40 UV-irradiated frozen beads were prepared and transferred into the cup while keeping it in liquid nitrogen. The rest of the probe was 14 then precooled and slit/locked on the cup; the assembly was then quickly introduced into the polarizer. The two ends of the coil were connected to a 80 dB gain differential amplifier. The output of the amplifier was sampled and processed by a digital lock-in in LabView (National Instruments, Austin, TX, USA). In Figure 4A the radical generation time evolution measured on a 4.0±0.2 µL frozen bead of PA:H2O 50:50 (v/v) is reported. Operating the light source at the maximum power, it was sufficient to irradiate the sample for approx. 300 s to achieve a radical concentration (C∞) of 55±3 mM. The same experiment was repeated irradiating the sample outside from the stand shown in Figure 1 and using the UV-source Hamamatsu LC-L5, employed in previous studies (see Supporting Information, Figure S6 ). In this case, the radical concentration was halved and the time constant twelve times longer, in agreement with literature. [26] [27] 36 No differences were observed in the ESR spectrum, indicating that the same radical species was generated (see inset). While the increase of radical yield will be discussed in the next sections, the faster generation time can be understood looking at Figure a radical generation time constant τ = 67±2 s was estimated. Similar results were obtained by replacing the 50% water volume with GW64; the maximum radical concentration and time constant were C∞ = 58±3 mM and τ = 66±6 s, respectively. Diluting the PA with this solvent mixture allowed to study the radical generation process as a function of the precursor concentration preserving the transparency and glassy property of the frozen beads. In Figure 5 and Table 1 For the sample containing PA:GW64 50:50 (v/v) a study of C∞ and τ as a function of the UV-light source output power was performed. The latter was changed in the range 10 -100% of its value.
Results for 4.0±0.2 µL frozen beads are reported in Figure 6 and Table 2 : C∞ and τ were respectively plotted as a function of the UV-light source output power (see Supporting Information, Figure S8 for raw data). Both the radical maximum yield and generation time constant were dependent on the power of the lamp. C∞ increased from 19±2 mM to 58±3 mM with a tendency to achieve a plateau for high powers, while τ decreased from 474±36 s to 66±6 s.
A central point of the measurements showed in Figure 5 and 6 is that they were performed on spherical frozen samples of the same size. If the radical generation time constants evolve as one would expect (more precursor concentration or light power leads to faster radical generation) in both cases, the behavior of the radical maximum yield is 
b. Distribution profile of the photo-induced radicals
To better understand the spatial distribution of radicals within the bead, the irradiation was repeated for different sizes (2 -10 µL), for all samples listed in Table 1 excepted for neat PA. It   21 was not possible to use neat PA because of the poor glass quality after freezing of larger droplets.
For all preparations, the maximum ESR signal (S) arising from each frozen bead was plotted as a function of the radius (r) of the bead.
If radicals were homogenously distributed, the signal contribution S' to S of the spherical shell placed at distance x from the center of the bead would be
such as
where S0 is a proportionality constant depending on the ESR spectrometer parameters and the quantum yield of the photochemical reaction (see Supporting Information, Figure S11 for a proof of the method using ordinary nitroxyl radical).
Only for the least concentrated sample it was possible to accurately fit the data to the expression (3) (see Supporting Information, Figure S9 ). For higher PA concentration the results were poor (see Supporting Information, Figure S10 as example).
When we generate radicals by means of photo-induction, the light is exponentially attenuated through the sample with a wavelength dependent extinction coefficient. As a consequence the radical precursors located at different distances from the bead surface are not evenly excited by the UV-photons. Let ̅ be the mean light linear attenuation coefficient, averaged over the PA absorption peak wavelength (see Figure 4B ) and ̅ the correspondent mean penetration depth (see Figure 7 for a graphical representation of the model). In that case the signal contribution S' of the spherical shell placed at distance x from the center of the bead could be tentatively modified as
leading to the total ESR signal expression ( Table 1 for details); for each preparations, data were fitted (curves connecting the data points)
to expression (4). B For each preparations the value of the ̅ parameter, obtained from the fit, of the experimental data is plotted as a function of the PA concentration; the error bar is the uncertainty on the fit. C A simulation of the radical distribution profile in a 4 µL bead is presented according to the different values of ̅ . From left to right the value of ̅ is 0.16±0.06 mm; 0.34±0.11 mm; 0.66±0.09 mm; 0.90±0.11 mm; 3.40±2.40 mm. The bead radius is 0.98 mm in all cases while the "overall-volume" radical concentration (C∞) was taken from Table 1 . Axes are in mm; the color scale is in mM.
Expression (5) was used to fit the data reported in Figure 8A . S0 and ̅ were free parameters of the fit; ̅ was found to decrease linearly for increasing PA concentration (see Figure 8B ). Only the data point corresponding to the 10:90 PA:GW64 (v/v) sample deviated from this trend. A conceivable explanation is that ̅ can be accurately estimated as far as it is reasonably smaller than the radius of the bead. If this is not the case the model is unreliable, as shown by the size of the error bar and the fact that the purple data set reported in Figure 8A could be nicely fitted using expression (2) (see Supporting Information, Figure S9 ). In Figure 8C a simulation of the radicals distribution profile for a 4 µL bead (bead with a radius of 0.98 mm) is reported according to the five different values of ̅ obtained from the fit and measured average radical concentration reported in Table 1 .
For the PA:GW64 50:50 (v/v) the experiment reported in Figure 8A was repeated for an output power of the UV-source equal to 20% of the maximum. The ̅ parameter was calculated to about half of the value obtained at full power (see Supporting Information, Figure S12 ).
According to the results reported in this session, we can give interpretation of the unusual behavior of the radical maximum yield reported in Figure 5A and Figure 6A .
The power dependence of the concentration plateau could be justified according to the following qualitative argument. Generating radicals is not the only possible pathway that photo-excited PA can follow. Phenomena like fluorescence and phosphorescence are highly probable. 29, [42] [43] Thus, the majority of the photons are absorbed without creating any paramagnetic center. The photons that did not interact with any chromophore in the first molecular layer will interact with the second, the third and so on and so forth. At some point, accessing more and more internal molecular layer, the number of survival photons is so low that the radical reaction rate becomes too long to generate a measurable increase of the radical concentration. Thus, by increasing the UV-source's power we increase the chances of efficiently photo-excite a larger number of molecular layers in the frozen beads. As a consequence we promote the generation of more radicals (see Figure 6A ).
At high concentration of PA, on one hand we have more chances to induce radicals in more external molecular layers, but on the other hand the light attenuation increases. So, what we see in Figure 5A is a balance between 2 effects: amount of available "targets" in a single molecular layer combined with the amount of molecular layers that can be efficiently reached by the UV-photons.
c. dDNP results
The optimization of the microwave irradiation parameters is shown for the sample containing [1- (see Figure 9A ). The observation that microwave modulation increases the nuclear spin polarization [44] [45] is an indication that the system is characterized by poor spectral diffusion at this field and temperature. [46] [47] Figure 9A This observation together with the overlap of the DNP and ESR spectra suggest that the mechanism involved is cross-effect rather than thermal mixing, where an extremely efficient spectral diffusion is supposed to saturate all electron spins in the system, under continuous microwave irradiation. 48 Moreover by applying the microwave modulation frequency a beneficial effect was measured already for a value of 10 Hz and a plateau was achieved beyond 100 Hz (see Figure 9B ). This was ( ) ( ) ( )
where V13C (τb) is the probability distribution of buildup time constants, i.e. the number of 
where the value of the stretched exponent 0 < β < 1 is determined by the gradient at which τb changes. A small value of β means high inhomogeneity of time constants; β very close to 1 approaches the limit of the classic mono-exponential buildup. For a more exhaustive dissertation see Kenyon et al. 50 Because of the morphology of the samples investigated in the present study and the well-known feature that increasing the radical concentration decreases the DNP buildup time, 51 the condition on V13C (τb) is fulfilled. Expression (7) was used to fit the data reported in Probably at this field and temperature the addition of glycerol in the sample matrix improves the quality of the glass leading to more efficient DNP. 52 All numerical results are reported in Table   3 . 
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IV. CONCLUSIONS
In this work, we present a thorough investigation and optimization of the preparation of UVirradiated PA for dDNP, the most studied substrate for in vivo and in vitro 13 C hyperpolarized MR applications.
The principal aim was to reduce the long sample preparation time and increase the radical yield in order to make the DNP performance of the photo-induced non-persistent PA radical comparable 32 to other currently used radical for dDNP. Another aim was to make available a robust protocol for producing/using these radicals for dDNP. With increased power and precursor tailored irradiation it was possible to double (>50 mM) the radical concentration ten times faster (in 5 min) than previously reported. The higher radical concentration is essential for an efficient DNP process at high field. The latter together with microwave modulation tripled the maximum achievable polarization and reduced the buildup time constant to 25 min. A radical free PA solution polarized to 30 % compares well with the standards currently employed for human experiments (34 % 13 C polarization on PA after Trityl radicals filtering and QC).
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